Nickel passive film has been studied in acidic sulfate solutions at pH 2.3 and 3.3 by ellipsometry. During anodic passivation followed by cathodic reduction, the roughness increases with dissolution of nickel, being indicated by gradual decrease of reflectance. However, the ellipsometric parameters, Ψ (arctan of relative amplitude ratio) and Δ (relative retardation of phase), are relatively insensitive to the roughness increase. 
Introduction
Nickel is one of the typical passivation metals on which very thin oxide films covers, and the substrate metals are efficiently protected by the passive oxide films a few nm thick. The passive oxide film anodically formed on nickel was studied by various authors. Macdonald et al. claimed that the passive film consisted of the inner NiO of a barrier layer and outer Ni(OH) 2 porous or hydrated layer, in which the inner layer behaves as a p-type oxide with cation vacancy. [1, 2] Oblonsky and Devine measured surface enhanced Raman spectra of nickel passivated in neutral borate solution and estimated amorphous Ni(OH) 2 in passive potential region and NiOOH in the higher transpassive region. [3] Further, the passive film formed in acidic and neutral solution was assumed to be a partially hydrated NiO by various authors. [4] [5] [6] [7] [8] [9] [10] [11] The anodic film formed in alkaline solution was assumed to be Ni(OH) 2 in the passive region and NiOOH in the high potentials close to oxygen evolution potential.
The films in the alkaline solution were supposed to be much thicker than those in neutral solution. [12] [13] [14] The both passive films formed in neutral and alkaline solutions were found to be p-type semiconductor from the Mott-Schottky plot of the capacitance data. [1, 2, 15, 16] The thickness of the passive film has been measured by using ellipsometry.
Kudo et al. applied it to the passive film on nickel in neutral borate solution and estimated 0.7-1.5 nm thickness dependent on anodic potential. [10] A similar results were reported by Paik and Szklarska-Simialowska. [6] In acidic aqueous solution, the thickness measurement was much restricted, because the high anodic dissolution in the acidic solution induces a rough surface which interferes with precise determination of the thickness of the surface oxide. Ohtsuka et al. estimated the thickness and optical properties of nickel passive oxide film in acidic sulfate solution by reflectance measurement of polarized lights. [7] [8] [9] They reported that the film thickness was about 1.5-2.0 nm and the refractive index depended on anodic potential. Kang and Paik measured by ellipsometry combined with reflectance the initial passive film in acidic sulfate solution. [5] They reported that the complex refractive index of the film depended on potential and oxidation time, and the thickness after 60 s oxidation reach 1.2 nm at a potential of 0.9 V vs SCE.
In this paper, we apply ellipsometry to the passive film on nickel in acidic sulfate solutions at pH 2.3 and 3.3. We estimated the thickness of the passive film on roughening surface from the change of ellipsometric parameters during cathodic reduction following anodic passivation. It was found that the thickness of the passive film was about 1.4-1.7 nm and cathodic polarization introduced hydration of the passive film.
Experimental
The electrode used was nickel sheet 99.99% pure with dimension 10x 10 x 1 mm with a small handle. It was mechanically polished to mirror-like surface using alumina abrasive down to 0.05 μm diameter and then ultrasonically washed in acetone before experiments.
The electrolytes were 0.1 mol dm -3 (M) sulfuric acid solution and mixtures of 0.1 M sulfuric acid solution and 0.1 M sodium sulfate solution at pH 2.3 and 3.3.
They were prepared from analytical grade reagents and milli-Q pure water, and deaerated by nitrogen bubbling for 2 h before experiments.
The ellipsometer and the optical-electrochemical cell were previously described.
[17] The ellipsometer was an automated rotating analyzer apparatus designed by authors, in which the ellipsometric parameters, Ψ and Δ, and reflectance, R, were simultaneously monitored in 1 s interval. The angle of incidence was 60.0 degree and the light with 632.8 nm wavelength from a He-Ne stabilized laser was used. The potentials were measured vs. reference electrode of Ag/AgCl/ saturated KCl and converted to potentials vs. the reversible hydrogen electrode in the same solution (RHE).
The ellipsometric measurement was started with galvanostatic reduction at 20 μA cm -2 in 0.1 M sulfuric acid solution for 900 s to remove the air-formed oxide film.
After change of the solution to acidic sulfate solution at pH 2.3 or 3.3, the potentials were shifted as the following way; -0.097 V vs. RHE at the pH 2.3 solution or to -0.108 V vs. RHE at the pH 3.3 solution for the reduction, then an anodic passive potential between 0.51 and 1.41 V for 800 s, followed by cathodic potential same as the initial for 3700 s. The ellipsometric measurement was done with current monitoring during the potential shift.
Results

Thickness of passive oxide film
Nickel electrode reveals a typical passivation phenomenon in the acidic sulfate solutions. Figure 1 shows a potential-current density (CD) relation, in which the CD was taken after 800 s polarization at individual potentials. In the passive potential region starting from about 0.4 V vs. RHE, the CD is kept at a few μA cm -2 . The CD rises from 1.2 V, corresponding to transpassive dissolution. From the equilibrium of the reaction, the interfacial potential difference is a function of solution pH and independent of potential.
Since the interfacial potential is constant independent of anodic bias, the potential difference through the oxide film is linearly proportional to anodic bias. The film thickness followed by the high-field ionic migration model results in linear relation to the anodic bias.
For nickel passivation film, interfacial potential difference at the passive oxide film/ solution interface may not be constant and depends on anodic bias. Nickel passive oxide has been proposed to be composed of NiO, [8, 10, 11] 
Overall, the V Ni '' may be described as the following. 
Since the field dissociation effect is proposed to be caused by a field of 10 5 V cm -1 order, the electric field which has been estimated to be 10 6 V cm -1 in the oxide film from the thickness-potential relation can induce this dissociation change.
The cathodic process to reduce the passive oxide film may be summarized by the following way. The passive oxide film of NiO is hydrated in addition to reduction metallic Ni in the initial stage for 30 s after potential change from the anodic passive region to the cathodic hydrogen evolution region. Then the hydrated nickel oxide of Ni(OH) 2 gradually dissolves to Ni 2+ or reduced to metallic nickel.
Conclusion
The thickness of passive oxide film on nickel formed in acidic sulfate solutions at pH 2.3 and 3.3 was evaluated by ellipsometry.
(1) The thickness estimated is a range between 1.4 and 1.7 nm in the passive potential region from 0.8 V to 1.4 V vs. RHE, having a tendency of slight thickening with increase of potential. 
